Introduction {#sec1}
============

Currently, 700 000 deaths are associated with antimicrobial resistance every year.^[@ref1]^ The accelerated emergence and widespread development of antibiotic-resistant bacterial strains have been one of the most serious threats to human health worldwide.^[@ref2]−[@ref5]^ However, commercial antibiotics, with their clear antibacterial mechanisms, are still the most widely accepted treatment paradigms.^[@ref6],[@ref7]^ Because of the "auto-obsolescence" of antibacterial treatments, it is an important issue in the current antibacterial field how to rationally use of existing antibiotics and overcome tolerance.

Early sensing of bacterial infections and tracing the emergence of drug resistance are essential prerequisites for the selection of treatment regimens. On one hand, for sensing bacterial infection, the unique microenvironment (pH, toxins, enzymes, etc.) of bacteria is an excellent inspiration for researchers.^[@ref8]−[@ref12]^ Among them, the acidity is a result of the glycometabolism of most pathogens and has been widely used for sensing of bacterial infections.^[@ref13],[@ref14]^ On the other hand, for tracking drug resistance, specific enzymes which are actively produced by drug-resistant (DR) bacteria are often considered as markers, especially β-lactamase.^[@ref15]−[@ref17]^ Because of the most extensive use of β-lactam antibiotics, resistance toward them is considered a serious threat. Therefore, β-lactamase has been widely used as a marker to identify DR bacteria.

For weakening resistance, reactive oxygen species (ROS)-based strategies, including photodynamic therapy (PDT) and chemodynamic therapy (CDT), are expected to be excellent candidates.^[@ref18]−[@ref21]^ Their main advantage is the multitarget effect, that is, factors associated with bacterial resistance, such as bacterial cell walls, nucleic acids, and proteins, can be destroyed. Noticeably, ROS lacks specific targeting, and its abuse can cause undesirable adverse effects on healthy tissue.^[@ref22]^ Therefore, rational use of ROS-based strategy is an effective measure to combat drug resistance.

Inspired by World Health Organization (WHO)'s need for portable and inexpensive devices to combat Antimicrobial Resistance in the Global Action Plan, paper-based devices (PBD) are promising platforms for antibacterial therapy.^[@ref23]^ Because of the advantages of sustainability, biosafety, low cost and easy modification, PBD have been widely used for portable biosensors and sterilization paper.^[@ref23]−[@ref27]^ However, it has not been constructed for PBD to achieve "sense-and-treat" function.^[@ref28]−[@ref30]^ Thus, we aim to develop a portable paper-based band-aid (PBA) for sensing and treating drug resistance.

Herein, we developed a drug-resistant visualizing PBA which implemented a selective antibacterial strategy after sensing of drug resistance ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). For drug-sensitive (DS) bacteria, the acidic nature of bacterial microenvironment was utilized. On one hand, bromothymol blue (BTB) responded to the acid environment at infectious sites, accompanied by a color change from green to yellow. On the other hand, ampicillin-loaded nanomaterials were coated with chitosan to lure negatively charged bacteria and achieved acid-responsive drug release, thereby killing DS bacteria. For DR bacteria, nitrocefin was changed from yellow to red by the action of β-lactamase, which was secreted by many resistant bacteria. We synthesized PCN-224, a porphyrin-based metal--organic framework (MOF) that has superior PDT capabilities compared with free porphyrin molecules.^[@ref31]^ With the irradiation of light, ROS produced by MOF caused great damage to bacteria and weakened resistance. Through this elaborate design, we integrated the above elements into cellulose paper and prepared PBA. Eventually, we can judge whether there exists resistant bacteria by the color changes and distinguish the treatment. As a proof-of-concept, our strategy enabled the fast sensing (4 h) and effective treatment of DS and DR strains of *Escherichia coli* (*E. coli*) as model examples.

![(A) Preparation Routes of CP and pH-Responsive Transformation between Contracted State and Swollen State of Chitosan. (B) Schematic Illustration of PBA ("0", Green) for Sensing Bacterial Infection ("1", Yellow) and Drug Resistance ("2", Red), and Implementing Antibiotic-Based Chemotherapy and PCN-224-Based PDT, Respectively](oc9b01104_0006){#sch1}

Results and Discussion {#sec2}
======================

Design and Preparation of PBA {#sec2.1}
-----------------------------

In our design, based on the Zr~6~ cluster and the H~2~TCPP ligand (TCPP = tetrakis(4-carboxyphenyl)-porphyrin), porphyrin-based MOF nanoparticles named as PCN-224 were synthesized at 90 °C first. An average diameter of about 58 nm was revealed by scanning electron microscopy (SEM) ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)). The X-ray diffraction (XRD) pattern clearly showed a crystalline structure of PCN-224 ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)). Next, for realizing acid-responsive character, chitosan (CS) was attached on the surface of PCN-224 (PCN-224\@CS, thus denoted as CP) using the postsynthesis modification method.^[@ref32]−[@ref34]^ SEM and transmission electron microscopy (TEM) images ([Figure S3A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf) and [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) revealed that the modification of CS did not influence the structural integrity of the MOF. And TEM elemental mappings ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) exhibited the composition of CP. Meanwhile, the increased hydrodynamic diameter also indicated the encapsulation of CS ([Figure S3B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)). Furthermore, the formation of CP was proved by the change of vibration frequency of carbonyl group in Fourier transform infrared spectra (FT-IR) ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)).

![(A) TEM image of CP. (B) Dark-field TEM image of CP and its corresponding TEM elemental mappings of C--K, N--K, O--K, and Zr--L signals. (C) The preparation route of PBA: i, LiCl and NaIO~4~; ii, NaCNBH~3~ and CP; iii, BTB solution (5% PEG, pH 7.4). SEM graphs of cellulose paper (D) and PBA (E, F).](oc9b01104_0001){#fig1}

Subsequently, CP was immobilized onto sterile cellulose paper (paper\@CP) for portability. As illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C, hydroxyl groups of cellulose paper were oxidized by periodate to aldehyde groups. Then CP was immobilized onto the paper through the formation of secondary amines. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D--F, CP was evenly dispersed on the paper. The porous microstructure of cellulose paper and uniform porosity of PCN-224 were beneficial for the efficient diffusion of molecular oxygen ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)). The appearance of characteristic peaks of Zr 3d and N 1s was observed by X-ray photon spectroscopy (XPS) analysis ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)), indicating that CP was modified on the surface of the paper. Additionally, FT-IR spectra were recorded to further demonstrate the successful modification of CP on the paper ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)). The 1.89 μg/cm^2^ of Zr^6+^ ion amounts were measured by inductively coupled plasma (ICP) analysis. Furthermore, the modification of CP was characterized by the corresponding thermogravimetric analysis (TGA) ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)), Thus, CP-modified cellulose paper was prepared successfully.

After that, BTB and nitrocefin were used as indicators of bacterial infection and drug resistance, respectively. To combine them into one system, nitrocefin and antibiotics were coencapsulated into MOF ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)), and the polyethylene glycol (PEG) solution of BTB was used to rinse the entire paper surface to act as a chromogenic layer ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)). Such a design not only helps the bacterial microenvironment to fully infiltrate the paper but also realizes the cascade reaction. After these steps, the preparation of PBA was completed.

Use of PBA for Sensing Bacterial Infection {#sec2.2}
------------------------------------------

The acid responsiveness of PBA includes the acid-triggered color change and acid-responsive payload release ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). In the first place, the spectral and color changes of BTB were examined under different levls of pH. When pH was decreased from 8.0 to 6.0, the BTB solution changed from blue to green and then yellow with a significant absorbance decrease at 615 nm ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)). When *E. coli* was coincubated with the mixture of CP and BTB, the absorbance value at 615 nm decreased with the increase of bacterial concentration ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)). Accordingly, regardless of adding DS or DR *E. coli*, PBA~no nitrocefin~ was also turned yellow, and a slight but observable color change occurred at the concentration of 10^3^ CFU/mL ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). In the second place, the acid-responsive drug release properties of CP were investigated ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)). Rhodamine B (RhB) was loaded into the MOF (CP-RhB) as a model drug with a loading efficiency of 68.9%. After dissolving CP-RhB in a buffer (pH 6.0) or bacterial solution, RhB was rapidly released within hours, demonstrating that CP possessed the ability of acid-responsive payload release.

![Use of PBA for sensing drug resistance. (A) The schematic diagram of PBA (green) for sensing bacterial infection (yellow) and drug resistance (red). The typical pictures of (B) PBA~no nitrocefin~ and (C) PBA after incubation with buffer (pH 8.0--6.0), *E. coli* solution, bacterial secretions, and extracts for 4 h. (D) Quantitative analysis of PBA with different concentrations of β-lactamase ranging from 0.02 to 0.18 U/mL. The inset includes the typical images of PBA after reaction with β-lactamase. (E) Quantitative analysis of PBA with different concentrations of DR *E. coli*. The color intensity was calibrated by subtracting the mean intensity of DS *E. coli* group on each side of the DR *E. coli* group.](oc9b01104_0002){#fig2}

Prior to explore the sensing β-lactamase ability of PBA, the feasibility of the mixture solution to respond to β-lactamase was investigated. First, reaction between β-lactamase and nitrocefin was monitored by UV--vis spectra. The red products were gradually formed, and the absorbance at 486 nm was increased ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)). Under different pH levels, β-lactamase still retained catalytic activity ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)). UV--vis spectra of CP were almost unchanged ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)), so the absorbance at 486 nm was used to monitor the reaction of nitrocefin. Second, the mixture solution of CP-N and BTB was treated with DR *E. coli*, and the absorbance values at 486 nm increased with bacteria concentration ranging from 10^2^ to 10^8^ CFU/mL ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)), indicating that our designed mixture system could sense DR *E. coli* secreting β-lactamase.

Furthermore, 50 μL of *E. coli* (DR or DE) solution was dripped onto the test paper. PBA turned red from green in the presence of DR *E. coli*, and the higher the concentration of bacteria, the stronger the red intensity of PBA. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C, a perceivable red signal was observed at the concentration of 10^4^ CFU/mL, which meets the need of clinical diagnosis. Besides, bacterial secretions and extracts were used to test the specificity of PBA. Results showed that only bacterial secretions did not cause red, which was due to the secretion of β-lactamase from *E. coli* to the periplasm, rather than the outside of the whole cell.^[@ref35],[@ref36]^ Therefore, the color of PBA could indicate both bacterial infection and drug resistance with a low detection limit and high specificity.

In addition, we further estimated bacterial infection levels on the basis of the relationship between the color intensity change and the concentration of β-lactamase itself. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D, the color intensity was enhanced with the increase of β-lactamase concentration. A linear dependence was obtained when the β-lactamase concentration range was 0.02--0.18 U/mL. The detectable increase of color intensity was observed at the concentration of 10^4^ CFU/mL ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E), which was comparable to the level of 0.02 U/mL of β-lactamase. Therefore, under our experiment conditions, concentration-dependent colorimetric detection of β-lactamase may act as a reference to evaluate bacterial infection levels.

Use of PBA for Selective Treatment on the Basis of Drug Resistance {#sec2.3}
------------------------------------------------------------------

We optimized the selective antimicrobial experiments ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). The ROS generation ability of CP was proved under visible light irradiation of 638 nm ([Figure S17 and S18](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)), and four PBA were prepared with different amounts of CP ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). For DS *E. coli*, the survival rates obviously decreased with the increase of the amount of CP ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). For DR *E. coli*, the increase of the concentration of CP did not significantly reduce the viability, while their viability became extremely low after light irradiation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D and [Figure S19](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)). These results indicated that chemotherapy alone could eradicate DS *E. coli* while killing DR *E. coli* required the combination of chemotherapy and PDT. Moreover, compared with the control groups, there was a considerable synergistic effect between PDT (45.3%) and chemotherapy (72.4%) on killing DR *E. coli*, which was proved by the obviously lower viability than the projected additive value (32.8%) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D). Noticeably, considering the side effects of PDT on normal cells, we chose the appropriate density (denoted as c) to balance the performance and biosafety. Thus, PBA was a promising candidate to realize the selective antimicrobial activity against DS and DR *E. coli*.

![Use of PBA for selective treatment on the basis of drug resistance. (A) Schematic illustration of PBA combined with chemotherapy and PDT to kill DR *E. coli*. (B) Typical SEM images of PBA modified with different amounts of CP. Viability of DS *E. coli* (C) and DR *E. coli* (D) incubated on PBA or PBA~no ampicillin~ with or without light irradiation. Statistical analysis was performed using the student's two-tailed *t* test (\*\**p* \< 0.01). (E) L929 cell viability after incubation with different concentrations of CP for 12 h. (F) The typical SEM images of *E. coli* after incubation with PBA.](oc9b01104_0003){#fig3}

Bacterial cell walls are closely related to drug resistance, and the change of cell morphology was monitored by SEM. When treated with PBA, the cell wall was wrinkled for DS *E. coli*, whereas it was almost intact for DR *E. coli* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}F). That may be the result of ampicillin, which prevented bacterial cell wall synthesis. However, when being supplemented by light, the cell wall was significantly damaged, demonstrating that ROS-based therapy had great harm to the bacterial cell wall. It was reported that cell walls are a basic permeability barrier and carry proteins related to efflux pumps and hydrolases.^[@ref37]^ The oxidative damage of the cell wall may impair the function of the cell wall and its adjacent proteins, which contributed to the enhancement of chemotherapy.

Investigation of Validity Period {#sec2.4}
--------------------------------

The validity period was an important index in practical application. PBA was stored hermetically at 4 °C and then taken out for sensing and antimicrobial experiments ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). A month later, PBA still responded to DS and DR *E. coli*, showing the corresponding color. At the same time, the effective killing ability of *E. coli* was also maintained. Thus, the validity period of PBA was at least one month, which was promising for use in practical applications.

![Investigation of validity periods. (A) Typical pictures of PBA when adding bacterial solutions. The reaction time is 4 h. Survival percentages of DS *E. coli* (B) and DR *E. coli* (C). Bacterial concentration is 10^7^ CFU/mL.](oc9b01104_0004){#fig4}

Use of PBA for Wound Disinfection in Mice {#sec2.5}
-----------------------------------------

Finally, the potential of PBA for sensing and treating resistance in mice with wounds on their back was evaluated. The wounds were, respectively, infected by DS *E. coli* and DR *E. coli*, and PBA was attached to the wound for 4 h. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A, for the infection by DS *E. coli*, all test paper exhibited yellow, proving the feasibility of biosensors for bacterial infection. The wound treated with PBA was almost healed on the third day, and hematoxylin and eosin (H&E) stain of wound tissues also revealed the intact epidermal layer ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B), suggesting that antibiotics were sufficient for wound healing caused by DS *E. coli*. However, when irradiated with light, the wound was swollen indicating that ROS-based therapy caused side effects. Accordingly, for infection by DR *E. coli*, PBA turned red, demonstrating the feasibility of biosensors for drug resistance. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C, when being treated with the combination of light and PBA, the wound was healed better, and a nascent epidermal layer was observed, showing that the combination of PDT and chemotherapy required for wound healing when infected by DR *E. coli* under this condition. Additionally, wound tissues around infected sites were taken out to quantify the survival bacteria ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). The obvious antibacterial effects were displayed with the treatment of PBA for DS *E. coli*, and the combination of light and PBA for DR *E. coli*. Considering the antimicrobial effects and biosafety ([Figure S20 and S21](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)), PBA was good enough for treating DS *E. coli*-infection, and the combination of PBA and light was more suitable for combating DR *E. coli*-infection. Therefore, PBA can be a promising candidate for treating wound infection.

![Use of PBA for wound disinfection in mice. (A) Photographs of wounds on the mice. Inset images in the first row revealed the color on PBA. (B) Photomicrographs showing section of skin tissues with H&E staining. (C) Bacteria was separated from wound tissue and then cultured on agar plates. The upper row belongs to DS *E. coli*, and the lower row belongs to DR *E. coli*. 1, PBA~no ampicillin~; 2, PBA; 3, PBA+*vis*.](oc9b01104_0005){#fig5}

Besides, the potential of PBA for sensing and treating resistance was further shown by a fruit preservation model. As an example, the infected tomato model was constructed, and PBA was attached on the infectious sites ([Figure S22](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01104/suppl_file/oc9b01104_si_001.pdf)). In the group of mixed strains, the red color of PBA appeared on the second day, indicating that PBA could monitor drug resistance in real time. If no light treatment was supplemented, the infection site of tomatoes became soft and sunken, and thousands of bacteria appeared on the surface after a 3-day treatment, indicating the necessity of PDT. This model also confirmed that PBA could sense the bacterial infection and monitor the drug resistance in real time and subsequently eradicate the drug resistance by PDT.

Conclusions {#sec3}
===========

In summary, we constructed a drug-resistant visualizing PBA which implemented a selective antibacterial strategy after sensing of drug resistance. For the DS *E. coli*-induced infection, PBA turned from green to yellow, and antibiotics were released to eradicate DS *E. coli* (antibiotic-based chemotherapy). For DR bacteria-induced infection, PBA turned red, and the supplement of light was taken to eradicate resistance. Compared with traditional PDT-based antibacterial strategies, drug resistance can be tracked in real time with the naked eye, and off-target side effects are alleviated. Eventually, it took only 2--4 h, and the limit of detection was 10^4^ CFU/mL for DR *E. coli*, which meets the need for clinical diagnosis. In consideration of PBA with excellent performance, low cost, and easy operation, it can be developed for practical point-of-care application.
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